G protein-coupled receptors (GPCRs) have critical functions in intercellular communication. Although a wide range of different receptors have been identified in the same cells, the mechanism by which signals are integrated remains elusive. The ability of GPCRs to form dimers or larger hetero-oligomers is thought to generate such signal integration. We examined the molecular mechanisms responsible for the GABA B receptor-mediated potentiation of the mGlu receptor signalling reported in Purkinje neurons. We showed that this effect does not require a physical interaction between both receptors. Instead, it is the result of a more general mechanism in which the bc subunits produced by the Gi-coupled GABA B receptor enhance the mGlu-mediated Gq response. Most importantly, this mechanism could be generally applied to other pairs of Gi-and Gq-coupled receptors and the signal integration varied depending on the time delay between activation of each receptor. Such a mechanism helps explain specific properties of cells expressing two different Gi-and Gq-coupled receptors activated by a single transmitter, or properties of GPCRs naturally coupled to both types of the G protein.
Introduction
G protein-coupled receptors (GPCRs) are encoded by the largest mammalian gene family; there are about 900 receptors in humans. Owing to the critical functions they have in intercellular communication and their involvement in all major physiological functions, these receptors and their associated signalling complexes represent major targets for drug development (Overington et al, 2006) . Each cell usually expresses several subtypes of these GPCRs, integrating their numerous signals both spatially and temporally to produce the cellular response (Selbie and Hill, 1998) . However, the molecular mechanisms allowing such signal integrations are still not clearly understood and may occur at the level of receptor signaling pathways or even at the level of receptors themselves.
A recent proposal suggests that such signal integration is facilitated through the ability of GPCRs to form dimers or larger oligomers. Indeed, two different GPCRs can physically associate together in complexes, either as heterodimers or hetero-oligomers, which could in turn show specific pharmacological and signaling behaviour, have an impact on cellular physiology, or be involved in pathologies (Bouvier, 2001; Angers et al, 2002; Milligan, 2004; Franco et al, 2007) , making them interesting new targets for more selective drugs Pin et al, 2007; Gurevich and Gurevich, 2008) . For example, the pharmacologically welldefined k, m and d opioid receptor subtypes have been proposed to assemble into hetero-oligomers showing different ligand binding profiles and G protein-coupling properties (Jordan and Devi, 1999; George et al, 2000) , as well as be involved in specific functional responses in animals (Waldhoer et al, 2005) . Furthermore, in rat, the oligomerization of the metabotropic glutamate receptor type 2 (mGlu2) and the serotonin receptor 5-HT2A has recently been shown to control the action of hallucinogens in the prefrontal cortex (Gonzalez-Maeso et al, 2008) . Another interesting example is the orphan receptor, GPR50, which interacts with the melatonin MT1 receptor to abolish both high-affinity agonist binding and G protein coupling, thus modifying the melatonin-induced cellular response (Levoye et al, 2006) .
In cerebellar Purkinje cells, activation of the GABA B receptor increases calcium responses generated by the mGlu1a receptor (Hirono et al, 2001; Tabata et al, 2004) . Such a phenomenon would have an important function in generation of long-term depression at the parallel fibre-Purkinje cell synapses (Kamikubo et al, 2007) . Both the receptors are indeed co-expressed in these neurons, and both were described in dendritic spines (Ige et al, 2000) . Moreover, it was reported that both receptors could be co-immunoprecipitated (Tabata et al, 2004) , suggesting that the observed crosstalk could result from the existence of possible mGlu1a-GABA B heteromers. Such a proposal is supported by the absence of potentiation of the mGlu1a response by other Gi-coupled receptors like the adenosine A1 receptors also expressed in Purkinje cells (Hirono et al, 2001) . Consequently, it would be of interest to determine whether such a GABA B -mGlu1a oligomer could be selectively targeted pharmacologically, thus enabling a specific effect on this cross-regulation. However, it may well also result from a functional crosstalk, as previously reported for other Gq-and Gi-coupled receptor pairs (Carroll et al, 1995) .
The aim of this study was to analyse the molecular basis for such physiological crosstalk between GABA B and mGlu1a receptors. Our data show that the functional crosstalk can be observed with other pairs of Gi-and Gq-coupled receptors and reproduced in primary cells, again without a direct physical interaction occuring between these receptors in transfected cells. This general phenomenon may improve our understanding of the mechanisms involved in the spatial and temporal integration of GPCR signals in any given cell.
Results

mGlu1a and GABA B are co-localized in dendritic spines of Purkinje cells
Previous data have suggested that the functional crosstalk between GABA B and mGlu1a receptors is the result of their physical association in the dendritic spines of Purkinje cells facing the parallel fibre terminals (Hirono et al, 2001; Tabata et al, 2004; Kamikubo et al, 2007) . Such a proposal was primarily based on the co-immunoprecipitation of both receptors from cerebellar extracts. Using an SDS freezefracture replica labelling technique coupled to electronic microscopy, we visualized the precise co-localization of both receptors in Purkinje-cell dendritic spines on a nanometric scale (Figure 1) . We observed mGlu1a labelling distributed in a circular pattern within the spine plasma membrane and surrounding the postsynaptic membrane specialization in individual spines. The distribution of GB1 immunoreactivity was similar but was also found in other areas, such as within the specialization (Figure 1) . Specificity of the replica labelling with the primary antibodies against GB1 and mGlu1a was previously confirmed using respective knockout mice (Kulik et al, 2006; Kaufmann et al, 2009) . Although not definitive, these data are consistent with a possible physical association between both receptors, leading us to examine whether the assembly of mGlu1a and GABA B receptors is necessary for their functional crosstalk.
GABA B enhanced mGlu1a-mediated responses in cortical neurons and transfected cells
We first examined whether it was possible to observe the GABA B -mGlu1a crosstalk in other neuronal cell types. Indeed, as reported in Purkinje cells, GABA B activation enhanced the mGlu1a-mediated increase in intracellular calcium level (Ca 2 þ i), both in cultured cortical neurons ( Figure 2A ) and in HEK293 cells co-expressing both GABA B and mGlu1a receptors ( Figure 2B -E). Indeed, in HEK293 cells, the GABA B -induced potentiation of the mGlu1a-induced calcium response also led to an increased efficacy and potency of glutamate (2.41-±0.96-fold increase in the EC 50 by 50 mM GABA). Notably, activation of the Gi/o-coupled GABA B receptor did not lead to a significant change in intracellular Ca 2 þ concentration. Conversely, the maximal calcium response induced by 100 mM glutamate was increased in a dose-dependent manner by GABA with an EC 50 of 0.37±0.10 mM, in agreement with the known potency of GABA at this receptor (0.31 ± 0.07 mM; ). Surprisingly, the strength of the potentiation seemed to depend on the initial amplitude of the mGlu1a-induced calcium response; a low mGlu1a-induced calcium response was generally more potentiated by GABA B activation than a stronger response, suggesting the involvement of complex signal integration pathways ( Figure 2C ). These results were not because of a ceiling effect, as the experiments were carried out in conditions in which the mGlu1a calcium responses were not saturating (Supplementary data 1C) .
When the G protein-activating GABA B receptor GB2 subunit bore the L686P mutation that suppresses coupling to G proteins (Duthey et al, 2002) , potentiation was not observed, showing the necessity for functional coupling of the GABA B receptor to G proteins ( Figure 2D ). Similarly, inhibiting the Gi/o proteins with pertussis toxin (PTX) also prevented GABA B -mediated potentiation of the mGlu1a response ( Figure 2E ). Moreover, although this potentiation occurred without co-transfecting the G protein ao or i1 subunits (1.25-±0.05-fold increase of the maximal response, Supplementary data 1A), co-expression of the Gao or i1 subunits further increased the GABA B potentiating effect, consistent with the necessity for Gi/o activation (Figure 2 and Supplementary data 1). Taken together, these observations led us to question the requirement for mGlu1a-GABA B receptor oligomerization for such crosstalk to occur, rather than a functional signal integration mechanism.
GABA B and mGlu1a receptors did not form heterooligomers in transfected cells
Using various approaches, we observed no oligomerization of GABA B and mGlu1a receptors in HEK293 cells (Figures 3-5) . First, we used antibody-based time-resolved (TR)-FRET technology, allowing the detection of energy transfer between Figure 1 Co-localization of GB1 and mGlu1a receptors in Purkinje-cell spines as shown by SDS freeze-fracture replica labelling. Freezefracture replicas prepared from mouse cerebellum were labelled with 5-nm (small black dots pointed by arrows in panel B) and 10-nm (bold black dots in panels A and B) immunoparticles to detect GB1 and mGlu1a receptors, respectively. (A) Low magnification view of a Purkinje-cell dendrite from which two dendritic spines emerge. Post-synaptic membrane specialization in individual spines was indicated by a dotted line. (B) High magnification view of a detailed Purkinje-cell dendrite spine from A. Scale bars ¼ 500 nm in A; 100 nm in B.
anti-HA antibodies bearing the donor fluorophore europiumcryptate (HA-K) and anti-Flag antibodies bearing the acceptor fluorophore d2 (Flag-d2) (Maurel et al, 2004) . Under these conditions, we observed a highly significant FRET signal in cells expressing HA-tagged GB1 (HA-GB1) and Flag-tagged GB2 (Flag-GB2) subunits of the heterodimeric GABA B receptor ( Figure 3A and B). We obtained a similar FRET signal within the mGlu1a homodimer (between the HA-tagged mGlu1a and the Flag-tagged mGlu1a), the b2-adrenergic receptor dimer (between the HA-tagged b2AR and the Flag-tagged b2AR), as well as a significant FRET signal between two different receptors known to form heterooligomeric complexes, 5-HT2a and mGlu2 (Gonzalez-Maeso et al (2008) ; Figure 3A ). In contrast, in a similar range of receptor expression levels (Supplementary data 2A), we detected no significant FRET signal between HA-mGlu1a and GABA B receptors, in which either GB1 or GB2 was tagged with the Flag epitope ( Figure 3A and B) . Similarly, we observed no significant TR-FRET signal in cells expressing either mGlu3 and GABA B ( Figure 3A and B) or mGlu4 and GABA B ( Figure 3A , data not shown).
To exclude the possibility that the absence of FRET was because of steric hindrance imposed by the large size of the antibodies, we replaced one epitope tag by a SNAP-tag, allowing specific labelling with either the europium cryptate or d2 fluorophores as previously reported (Maurel et al, 2008) . The SNAP-tag is a 20 KDa modified alkyl guanine transferase that can be covalently labelled with fluorophore-coupled benzyl guanines (BG): europium cryptate-coupled BG (BG-K) or d2-coupled BG (BG-d2). A high FRET signal was detected in cells expressing SNAP-tagged GB1 (ST-GB1) and Flag-GB2, whereas a lower but significant FRET signal was also detected within the 5HT2a-mGlu2 receptor complex ( Figure 3C ). However, no (or a very weak) FRET signal was measured between Flag-mGlu1a receptor and the ST-GB1-containing GABA B receptor over a range of receptor expressions ( Figure 3C ). Moreover, a combination of ST-GB2-containing GABA B receptor and ST-mGlu1a (in which only one protomer was labelled) did not show any significant FRET signal (Supplementary data 2D). The overexpression of the Gao protein, found to increase the functional crosstalk, did not modify the TR-FRET signal between GABA B and mGlu1a receptors (Supplementary data 2C).
Consistent with our FRET results, a low linear BRET signal was observed in cells expressing mGlu1a-YFP and GB2-Rluccontaining GABA B receptors. This signal was in the same range as the one in negative control cells expressing PAR1-YFP and GB2-Rluc-containing GABA B receptors ( Figure 4A ). In contrast, BRET signals in positive control cells expressing GB1-YFP and GB2-Luc, fit a parabolic curve with a high maximum value (max ¼ 340.9 milliBRET). Similar results were obtained on inverting the fluorescent tags on the receptors ( Figure 4B ). A low linear BRET signal was observed in cells expressing mGlu1a-RLuc and either GB1-YFP-or GB2-YFP-containing GABA B receptors ( Figure 4B ). We validated the ability of mGlu1a constructs to generate BRET signals by measuring a saturating BRET signal in cells expressing either mGlu1a-RLuc and mGlu1a-YFP ( Figure 4B ); mGlu1a-RLuc and Homer3-YFP(Venus) or mGlu1a-YFP and Homer3-RLuc ( Figure 4B and data not shown).
GABA B and mGlu1a receptors did not co-immunoprecipitate from transfected HEK293 cell-surface extract
Although GABA B and mGlu1a receptors have been found to co-immunoprecipitate from brain extract (Tabata et al, 2004) , Open squares: HA-GB1 þ Flag-GB2. Filled squares: HA-mGlu1a, GB1 and Flag-GB2. Open circles: HA-mGlu3 þ GB1 þ Flag-GB2. Cells were transfected with a constant amount (30 ng) of GB1, mGlu1a, mGlu3 or mGlu4 plasmids, and increasing amounts of the Flag-GB2 plasmid (0-30 ng per well) Expression of the receptors was determined with an ELISA assay against the Flag epitopes. (C) Combined antibody-and SNAP-tagbased TR-FRET experiment. The FRET experiment was carried out after labelling of the SNAP-tag with BG-K2 and then incubation of the anti-Flag antibodies coupled to D2. FRET signal is shown as a function of the cell-surface expression of the receptors, determined by an ELISA assay against the Flag epitope. Filled circles: ST-GB1 and Flag-GB2. Open circles: ST-5HT2a and Flag-mGlu2. Open squares: ST-GB1 þ GB2 and Flag-mGlu1a. Data are means±s.e.m. of triplicate determinations from a representative experiment reproduced at least three times. no co-immunoprecipitation of HA-GB1-containing GABA B and Flag-mGlu1a receptors was obtained from HEK293 cellsurface extracts ( Figure 5 ). In contrast, HA-GB1 co-immunoprecipitated with Flag-GB2 in cells expressing both subunits, as well as with Flag-GB1 in cells expressing HA-GB1, Flag-GB1 and GB2, as GABA B receptors form tetramers through interaction between the GB1 subunits (Maurel et al, 2008) . As expected, we also succeeded in detecting a high level of cellsurface interaction between the Flag-tagged mGlu2 and the HA-tagged 5HT2a receptors, but no co-immunoprecipitation between GABA B and mGlu4 receptors used as a negative control.
Although the C-terminal tail of the mGlu1a receptor known to interact with intracellular partners has been reported to be involved in mGlu1a assembly with other receptors (Ciruela et al, 2001) , functional crosstalk could still be observed between the GABA B receptor and the mGlu1 short splice variant mGlu1b receptor possessing a short C-terminal tail (Pin and Duvoisin (1995) ; data not shown). Taken together, the data above provide evidence against oligomerization between GABA B and mGlu1a receptors in HEK293 cells, however, we did observe a functional crosstalk between them, such as that reported in neurons.
Mechanism of the functional interaction: involvement of the bc subunits of the Gi/o protein Evidence for the involvement of the bg subunits of Gi/o G proteins was obtained from different sets of results from cells expressing GABA B , mGlu1a and ao G protein subunit. First, the GABA B -induced potentiation of the mGlu1a-induced calcium response ( Figure 6A ) was decreased by trapping the endogenous bg subunits, using the co-expressed C-terminus of the b-adrenergic receptor kinase (bARK-CT), which is known to interact with bg subunits. Second, the co-expression of b1g2 in the presence of ao increased the potentiation ( Figure 6B ). We then overexpressed b1g2 alone (not ao), with the hope that, due to a limitation in the amount of a subunits, free b1g2 will be constantly available (Supplementary data 3).
As such, activating the GABA B receptor was not expected to have an effect, as it would have already been generated by the free b1g2 overexpressed in the cells. Consistent with this idea, GABA B receptor activation did not enhance mGlu1a-mediated response in cells overexpressing b1g2 ( Figure 6C ). Such an effect of b1g2 probably results from their action on PLC activity (Quitterer and Lohse, 1999) that has been clearly shown for PLCb type 3 (Park et al, 1993) , which is expressed in the HEK293 cells (Supplementary data 6).
Kinetics of the GABA B receptor-mediated potentiation
If bg production is responsible for the GABA B receptormediated potentiation of the mGlu1a-induced calcium response, one might expect that the activation of the GABA B receptor initiated before the activation of mGlu1a could still induce a potentiation of the mGlu1a Ca 2 þ signal. As shown in Figure 7D , this was clearly the case, as a stronger potentiation of the mGlu1a-induced calcium response was obtained when activating the GABA B receptor 100 s before the mGlu1a receptor. Such a kinetic profile probably reflects the kinetics of GABA B -induced activation of the G protein. Indeed, when Go-protein activation was recorded in living cells using a BRET approach (based on the use of ao-RLuc and b1 ( Figure  7B and C) or g2 (Supplementary data 7) fused to YFP (YFPb1 and YFP-g2, respectively)), G-protein activation was observed on GABA B receptor activation by GABA, as seen by the decrease in BRET signal ( Figure 7B ; Gales et al (2006) ). Moreover, when the GABA B receptor was first activated and then antagonized with CGP54626, a full inhibition of G-protein activation was observed and correlated with an inhibition of the potentiation of the mGlu1a-mediated response ( Figure 7A and B) . These data highlight the importance of the temporal integration of receptor-induced signals.
Temporal signal integration
The mGlu1a and GABA B receptor signal is therefore temporally integrated, generating different calcium responses depending on simultaneous or delayed GABA and glutamate stimulations. We next explored this integration further by analysing the effect of GABA applied after glutamate receptor activation. By delaying the stimulation of GABA B for 180 s after mGlu1a stimulation, we observed that the GABA B receptor generated its own calcium signal ( Figure 8A ). This signal occurred after the completion of the mGlu1a-induced calcium response. Importantly, the GABA B receptor activation alone did not induce any calcium signal ( Figure 8A ). The acquired GABA B calcium response involved a Gi/o, rather than Gq, protein-dependent pathway, as it was blocked by PTX ( Figure 8C) . A dose-response curve generated by plotting the GABA-induced calcium signal values obtained by analysis of the fluorescence traces gave an EC 50 of 0.3±0.1 mM for GABA, similar to that obtained for other GABA B signalling (see Figures 2 and 8C ; Duthey et al (2002) ). These data suggest that mGlu1a activation, in addition to a transient calcium response, produces a long-lasting signal that allows the GABA B receptor to couple to a calcium signal in a priming process. The primed response of the GABA B receptor was blocked by BAY367620, an allosteric antagonist of the mGlu1a receptor ( Figure 8B and C) , showing the necessity -9 -8 -7 -6 -5 -4 -3 -2 Figure 6 The crosstalk was dependent on the bg subunits. (A) Ca 2 þ responses induced by various concentrations of glutamate was monitored in HEK293 cells expressing both mGlu1a and GABA B (GB1 þ GB2) receptors and the ao G protein subunit, in the absence (circles) or in the presence (triangles) of bARK C-terminal domain (bARK-CT), a chelator of the bg subunits. Glutamate responses were measured in the absence (filled shapes) and in the presence (open shapes) of 50 mM GABA. (B) Ca 2 þ responses mediated by various concentrations of glutamate in cells expressing both mGlu1a and GABA B (GB1 þ GB2) receptors and the ao G protein subunit, in the absence (circles) or in the presence (triangles) of co-expressed b1 and g2 subunits. Glutamate responses were measured in the absence (filled shapes) and in the presence (open shapes) of 50 mM GABA. (C) Ca 2 þ responses mediated by various concentrations of glutamate in cells expressing both mGlu1a and GABA B (GB1 þ GB2) receptors and bg subunits, but not the Gao subunit. Glutamate responses were measured in the absence (filled circles) and in the presence (open circles) of 50 mM GABA. Data are means ± s.e.m. of triplicate determinations from a representative experiment reproduced at least three times. of the constant mGlu1a activity. We hypothesized that the long-lasting event necessary for this priming is the production of IP second messengers by mGlu1a activation. Indeed, as expected, the IP production by mGlu1a was increased by GABA B stimulation ( Figure 8D ).
Constitutive activity of mGlu1a makes GABA B coupled to the PLC pathway
Although expression of the GABA B receptor alone did not lead to PLC activation, co-expression with mGlu1a led to the accumulation of IP ( Figure 8D and E) even in the absence of agonist activation of the mGlu1a receptor. Under the same conditions, no Ca 2 þ signals could be recorded on GABA B receptor activation, probably because the kinetics of the PLC activation were too slow to generate a synchronous Ca 2 þ signal in all transfected cells (Lechleiter et al, 1990) . As the GABA B -mediated IP production was observed in the absence of glutamate, we hypothesized this to be the result of the amplification of IP production induced by constitutive mGlu1a receptor activity (Prezeau et al, 1996; Ango et al, 2001 ). We confirmed this using the mGlu1a inverse agonist BAY367620 that prevented the GABA B -induced IP production ( Figure 8E ). Production of IP by the GABA B receptor was also blocked by PTX (Supplementary data 4) . These data suggest that GABA B Gi/o coupling potentiates the Gq-induced PLC activation brought about by the constitutive activity of the mGlu1a receptors.
Generalization of signal integration to other GPCRs in transfected and primary cells
We hypothesized that the expression of different pairs of Gqand Gi/o-coupled receptors allows such an oligomerizationindependent functional crosstalk. This was found to be the case with the Gq-coupled mGlu1a and the Gi/o-coupled mGlu2 receptors ( Figure 9A ) or the Gq-coupled 5-HT2C and the Gi/o-coupled GABA B receptors ( Figure 9B ). The effect was not due to the overexpression of the receptors, as it was also observed when activating two endogenous receptors in a native model. For example, such a crosstalk is found in cortical primary astrocytes expressing Gi/o-coupled mGlu3 and Gq-coupled mGlu5 receptors (Ciccarelli et al, 1997; Biber et al, 1999) (Figure 9E and F) . The calcium response generated by the mGlu5-receptor agonist DHPG is potentiated by the mGlu3-receptor agonist LY354740 in a PTX-sensitive way. In this study, we detected no significant FRET signal in HEK293 cells co-transfected with the Flag-mGlu2 and the ST-mGlu1a or with the ST-5HT2c and the Flag-tagged GB1-containing GABA B receptors, even for high receptor expression levels ( Figure 9C and D) . These data reinforce the idea that the crosstalk observed in recombinant systems or between native receptors depends on receptor compartmentalization rather than oligomerization. Thus, the specificity of temporally defined crosstalk could be achieved by the spatial pattern of expression or association of GPCRs into signalling platforms, both coupled to Gq or Gi/o and activated by either the same or two different ligands (Figure 10 ).
Discussion
In parallel fiber-Purkinje cell synapses, a functional crosstalk between mGlu1a and GABA B receptors has been described and reported to likely influence the induction of long-term depression (LTD) (Hirono et al, 2001; Kamikubo et al, 2007) . This crosstalk was suggested to be the result of a direct association of these receptors into oligomers (Tabata et al, 2004; Kamikubo et al, 2007) . Here, we have shown that such crosstalk between mGlu1a and GABA B does not require their physical interaction but rather relates to a functional crosstalk between their signalling pathways. We analysed the molecular mechanism behind this crosstalk and found that the observed potentiation of the mGlu1a Gq-mediated calcium response occurs through GABA B receptor Gi/o activation. We therefore showed the dependence of the mechanism on respective Gq-and Gi/o-signalling pathways, and highlighted its likely convergence at the level of IP production by PLC. Importantly, this mechanism allows the temporal and spatial integration of signals generated by these receptors. First, we extended this observation to other GPCR pairs, such as mGlu1a and mGlu2 or 5-HT2c and GABA B receptors, thereby showing its occurrence between diverse Gq-and Gi/o-coupled receptors; and second, to native models, such as cortical neurons (GABA B and mGlu1a receptors) and cortical astrocytes (mGlu3 and mGlu5 receptors). Understanding this mechanism is essential for the analysis of pharmacological and physiological actions of drugs and also in GPCR signalling analysis.
Oligomerization-independent crosstalk
Crosstalk involves either receptor transactivation because of allosteric coupling resulting from their oligomerization or integration of their respective signalling pathways. Here we present several arguments in favour of an oligomerizationindependent crosstalk between mGlu1a and GABA B receptors. First, the absence of TR-FRET and BRET signals and receptor co-immunoprecipitation in HEK293 cells pointed to the absence of their spontaneous physical association in these cells. Second, the active conformation of the GABA B receptor, per se, was insufficient and required its coupling to Gi/o proteins, as shown by the lack of potentiation following PTX-induced inhibition of Gi/o proteins or when using a GABA B receptor unable to couple to G proteins. Third, the GABA effect was mimicked by the allosteric positive modulator CGP7930 that binds directly in the transmembrane domain of GABA B2 (Supplementary data 5; Binet et al, 2004) . Lastly, the crosstalk was reproduced by pairs of Gqand Gi/o-coupled GPCRs that were shown not to physically interact with each other, indicating that this crosstalk is not specific to the GABA B -mGlu1a receptor pair. Owing to a number of studies reporting Gq/Gi-coupled receptor hetero-oligomers, it was proposed that this crosstalk was a consequence of such receptor oligomerization (for example, mGlu1a-A1 adenosine receptor association (Ciruela et al, 2001) ), and could then be used as an argument to validate the existence of GPCR oligomers in native tissues . Our data indicate that the physical association between Gq-and Gi/o-coupled receptors is not needed for such crosstalk, indicating that other functional consequences of receptor association have to be identified .
Specificity of the crosstalk: co-localization versus oligomerization
One argument used in favour of crosstalk between GABA B and mGlu1a receptors requiring their physical association was its apparent specificity, as no such crosstalk was observed between the Gi/o-coupled A1 adenosine receptor and mGlu1a (Hirono et al, 2001) , despite both being present in Purkinje neurons (Ciruela et al, 2001) . However, activation of the A1 adenosine receptor has been shown to increase the mGlu1a calcium response in co-transfected HEK293 cells (Ciruela et al, 2001) . Moreover, an adenosine A1 agonistinduced potentiation of the mGlu1a receptor calcium response has been observed in cultured astrocytes, although no clear mechanism was proposed (Toms and Roberts, 1999) . Surprisingly, A1 adenosine and mGlu1a receptors co-immunoprecipitated from cerebellar synaptosome extracts (Ciruela et al, 2001) .
These data indicate that a similar crosstalk can occur between A1 adenosine and mGlu1a, or GABA B and mGlu1a receptors. This suggests that the absence of crosstalk between A1 and mGlu1a receptors in Purkinje neurons probably results from a different subcellular compartmentalization of these receptors explaining why, in Purkinje cells, mGlu1a receptor calcium response is potentiated by GABA B , but not by A1 adenosine receptor activation (Hirono et al, 2001) .
Indeed, both mGlu1a and GABA B receptors are compartmentalized in Purkinje cells at the annuli of their dendritic spines (Lujan et al, 1997; Kulik et al, 2002) and are found colocalized in the dendritic spines of cultured Purkinje cells by light microscopy (Kamikubo et al, 2007) , as well as at the electronic microscopy level as shown here (Figure 1) . Thus, the GABA B activation that leads to an increased mGlu1a response and facilitates the induction of LTD, would be dependent on the co-compartmentalization of both receptors in these spines. The likely explanation for this compartmentalized crosstalk in native cells is that both receptors are colocalized thanks to targeting and stabilization in protein platforms . Indeed, mGlu1a and GABA B receptors interact with proteins involved in such platforms, such as MUPP1, Homer or Shank Kornau, 2006) . It will be necessary to determine the proteins involved in co-compartmentalization of both receptors. In HEK293 cells, the C-terminal of mGlu1a is important for its precise neuronal localization but not for the crosstalk itself, as the mGlu1b variant was still potentiated by GABA B receptor activation (data not shown) despite possessing a short C-terminal domain (66 residues instead of 361 for mGlu1a).
Functional relevance of such a GABA B -mGlu1a crosstalk In glutamatergic parallel fiber-Purkinje cell synapses, activation of post-synaptic mGlu1a allows the induction of LTD and it has been described that activation of the GABA B receptor facilitates this mGlu1a-mediated LTD induction (Kamikubo et al, 2007) . Consistent with our observations, this phenomenon probably involves ambient GABA or GABA spillover from surrounding synapses. Spillover has an important function in neuronal communication (Ventura and Harris, 1999) , as can be observed by following the repetitive synaptic release of glutamate or GABA (Scanziani, 2000; Brasnjo and Otis, 2001 ). These molecules then diffuse out of the synaptic cleft and reach targets either on adjacent synapses (Scanziani, 2002) or at extrasynaptic sites, such as mGlu1a or GABA B receptors (Baude et al, 1993) . In line with our observations of a differing pattern of the calcium response depending on which receptors were activated first, one might imagine therefore that either glutamate or GABA reaches its target first thus leading to a signal that is not only integrated spatially but also temporally. Indeed, the priming action of the Gq-coupled mGlu1a receptor activation drives the calcium response pattern. Interestingly, the calcium response obtained by a delayed GABA B receptor activation occurred even when the calcium signalling of the mGlu1a receptor was over and the calcium level had returned to basal level. We concluded that the Gq pathway was activated as long as glutamate was present and that it lasted even after the disappearance of the mGlu1a-induced calcium response (Lechleiter et al, 1990) , thus allowing a GABA B activation-induced calcium response.
Indeed, IP production does not always induce a calcium response, as shown by mGlu1a receptor constitutive activity leading to low IP production and no calcium response (Prezeau et al, 1996) . In addition, GABA B receptor activation alone was unable to produce either a calcium response or IP production in our model, however, when co-expressed with mGlu1a, the GABA B receptor became coupled to detectable IP production ( Figure 8E ). Our data indicate that IP production induced by GABA B activation occurs as an amplification of that induced by the constitutive activity of mGlu1a, as it was blocked by an mGlu1a inverse agonist. Thus, the small activation of PLCs by the constitutive activity of mGlu1a, acting as a priming event, was potentiated by GABA B stimulation.
However, the GABA B -induced IP production in the presence of the mGlu1a receptor was not high enough to induce a calcium response until mGlu1a became activated. We previously showed that in cerebellar granule cells, the constitutive activity of mGlu1a is regulated by the interaction with Homer proteins (Ango et al, 2001) . Indeed, the Homer1a-inducible form displaced the Homer3 protein interacting with mGlu1a and enabled a constitutive activity that not only led to the production of IP3 but also to a highly activated BigK channel (Ango et al, 2001 ). Thus, depending on whether or not mGlu1a shows constitutive activity, which itself depends on the expression of Homer1a, it is expected that GABA B receptor activation will or will not, respectively, generate an IP response. However, this has to be explored further.
Signal integration through crosstalk between
Gi-and Gq-coupled GPCRs According to our results, this crosstalk can occur in several different situations (Figure 10 ). The first is the integration of a signal from two different receptors, coupled differently and activated by two different ligands, such as the GABA B and mGlu1a receptors. The second is in which the receptors are coupled differently but activated by the same ligand, as shown with mGlu1 and mGlu2 in HEK293 cells, or mGlu3 and mGlu5 in astrocytes. However, one can imagine a third situation in which one receptor is coupled to both pathways, leading to an autopotentiation of its Gq pathway by its own Gi/o pathway, generating a calcium signal sensitive to PTX. Preliminary data show that in our model, 5-HT4 receptor is coupled to both Gq and Gi/o and generates a high calcium response almost completely blocked by PTX (Supplementary   data 8) . This suggests a weak Gq coupling of the receptor but a strong Gi/o coupling, resulting in an autopotentiation process that occludes any possible potentiation by the activation of another Gi/o-coupled receptor, such as GABA B (Figure 10 and Supplementary data 8). Depending on the receptors expressed, this may enable the cells to control the calcium response and increase the complexity of the signal transduction analysis. This may be of interest when considering new pharmacological applications, as the idea of autopotentiation of calcium signalling could have consequences in the field of functional selectivity (Mailman, 2007) . Depending on the action of the ligand used, one could generate a solely Gq calcium response, a solely Gi/o response or an autopotentiated response by activating both pathways. Thus, crosstalk with another GPCR would depend on the pathway mobilized by the ligand and would be important in the therapeutic action of drugs with functional selectivity.
An example of physiopathological functional selectivity is given by the activation of the 5-HT2A receptor by hallucinogens (Gonzalez-Maeso et al, 2008) . Non-hallucinogenic compounds lead to a Gq coupling of the receptor, whereas hallucinogenic compounds induce both Gq-and Gi-protein activation. It would be interesting to analyse calcium signalling under both conditions, as a calcium response could come from either a high Gq coupling or an autopotentiation mechanism.
Materials and methods
SDS-digested freeze-fracture replica labelling (SDS-FRL)
Three-month-old C57/BL6 mice was perfused with PB (0.1 M, pH 7.4) containing 2% formaldehyde and 15% of a saturated solution of picric acid. The cerebellum was cut into 150-mm-thick parasagittal sections using a vibrating microslicer (DTK-1000; Dosaka EM, Kyoto, Japan) and cryoprotected using 30% glycerol in 0.1 M PB overnight at 41C. The sections were then frozen using a highpressure freezing machine (HPM 010; Bal-Tec, Balzers, Liechtenstein) and fractured at À1501C using a double replica method in a freeze etching system (BAF060; Bal-Tec). Fractured faces were replicated by deposition of carbon (5 nm) from a 901 angle above the horizontal level, shadowed unidirectionally by platinumcarbon (2 nm) with the gun positioned at a 601 angle, followed by the application of carbon (15 nm) from a 901 angle. Tissue was dissolved in solution containing 2.5% SDS and 20% sucrose made up in 15 mM Tris buffer, pH 8.3, at 801C on a shaking platform for 18 h. Replicas were washed in 25 mM TBS containing 0.05% bovine serum albumin (BSA) and incubated in a blocking solution containing 5% BSA in 25 mM TBS for 1 h. Subsequently, the replicas were incubated with mixtures of primary antibodies for GB1 (guinea pig, (Kulik et al, 2006) ) and mGlu1a (rabbit, ) in a solution containing 1% BSA in 25 mM TBS OVN at RT. After several washes, the replicas were reacted with a mixture of 10 nm gold-coupled goat anti-rabbit and 5 nm gold-coupled goat anti-guinea pig secondary antibodies (1:30; BioCell Research Laboratories, Cardiff, UK) made up in 25 mM TBS containing 5% BSA at RT for 2 h. They were then washed, picked up on 100-line grids and examined in a transmission electron microscope (Tecnai 10; FEI, Eindhoven, The Netherlands) equipped with a digital camera (MegaView III; Olympus Soft Imaging Solution GmbH, Munster, Germany). Specificity of the replica labelling with the primary antibodies was confirmed previously using respective knockout mice (Kulik et al, 2006; Kaufmann et al, 2009 ).
Plasmids and site-directed mutagenesis
Plasmids encoding GB1, GB2 and mGlu1 receptors, epitope-tagged at their N-terminus with HA and Flag, have previously been described by Kniazeff et al (2004) . SNAP-tag sequence (Covalys, Geneva, Switzerland) was added as described by Maurel et al initial experiments on calcium signalling; NT and ET generated the tools for HTRF experiments; MAA generated and developed BRET tools; YF and RS carried out electronic microscopy experiments; JPP contributed to the supervision of the work and to the writing; LP supervised the project and contributed to the writing of the paper.
